Abstract Site-specific and accurate prediction of daily minimum air and grass temperatures, made available online several hours before their occurrence, would be of significant benefit to several economic sectors and for planning human activities. Site-specific and reasonably accurate nowcasts of daily minimum temperature several hours before its occurrence, using measured sub-hourly temperatures hours earlier in the morning as model inputs, was investigated. Various temperature models were tested for their ability to accurately nowcast daily minimum temperatures 2 or 4 h before sunrise. Temperature datasets used for the model nowcasts included sub-hourly grass and grass-surface (infrared) temperatures from one location in South Africa and air temperature from four subtropical sites varying in altitude (USA and South Africa) and from one site in central sub-Saharan Africa. Nowcast models used employed either exponential or square root functions to describe the rate of nighttime temperature decrease but inverted so as to determine the minimum temperature. The models were also applied in near real-time using an open web-based system to display the nowcasts. Extrapolation algorithms for the site-specific nowcasts were also implemented in a datalogger in an innovative and mathematically consistent manner. Comparison of model 1 (exponential) nowcasts vs measured daily minima air temperatures yielded root mean square errors (RMSEs) <1°C for the 2-h ahead nowcasts.
Introduction
While national weather services may forecast daily minimum temperature several days in advance, the predictions are usually not sufficiently site specific and do not take vegetation effects, for example, into account (Wu et al. 2011) . Routine, timely, reasonably accurate and site-specific nowcast of temperature conditions several hours before the daily minimum temperature, particularly on a frost morning for example, is investigated. Technological advances over several decades now allow sub-hourly temperature measurements, on-board datalogger computation and data telecommunication capability and therefore allow opportunities for nowcasting. Early nowcasting and early warning of daily minimum air Based on the dissertation by Savage (2014). temperature would be of great economic and operational benefit, for example, to animal and crop production, as well as to manufacturing enterprises and the lay public for planning of their human activities. City, district, or regional weather predictions are often not sufficiently accurate in nowcasting nearsurface daily minimum temperatures and cannot be used with confidence for specific sites with different topography, altitude, soil-surface cover, etc.
The terminology in relation to the subdivision of very short-range weather forecasts into weather nowcasting and nearcasting is not consistent. Glickman (2000) refers to nowcasting as a short-term weather forecast, generally for the next few hours, also stating that the US National Weather Service specifies <3 h, but that up to 6 h has also been used. Garcia et al. (2010, Fig. 7. 3) state a time period of <10 4 s-or just <3 h-with Das et al. (2010, Table 5 .1) stating <2 h. For the purposes of this work, the term nowcasting will imply time periods <4 h. However, the time period for data used for nowcasting estimations was 6 h ahead of current time. This investigation, similar to complex event processing (CEP) used for the observation and management of business processes (Janiesch et al. 2012) , proposes a dynamic measurement, open web-based early nowcasting and control system based on subhourly and site-specific temperature measurements several hours before sunrise.
Research in this area of study is partly justified by the comment of Garcia et al. (2010) : "Frost damage is the leading weather hazard, on a planetary scale, as far as agricultural and forest economic losses are concerned", and the work of Lee et al. (2014) on the short-term effect of temperature on daily emergency visits for acute myocardial infarction.
Nowcasting of the minima air, grass, or grass-surface temperature is essential if the impacts of frost, for example, are to be minimised and if active methods (Snyder and de Melo-Abreu 2005) such as the use of heaters, wind machines, or sprinkler irrigation for combatting frost are to be effective. Air temperature measurements are normally at heights of between 1.25 and 2 m, in a Stevenson screen or in a Gill radiation shield. Grass minimum temperature is measured using an unshielded thermometer, suspended just above short grass, according to the specifications provided by the World Meteorological Organisation (2008) . An important indicator of frost occurrence at a remote/unattended site is the air, grass, or grass-surface temperatures. The rate of temperature reduction during the nighttime is influenced by, amongst other factors, wind speed, atmospheric water vapour pressure, atmospheric stability, precipitation, sky temperature and cloud type and amount (Savage 2012) . During nighttime stable conditions, greatest temperature decreases occur under calm, dry and cloud-free conditions.
The models proposed for site-specific nowcasting of minimum air, grass and grass-surface temperatures are based on the assumption that 2-4 h is a sufficient notice period for active methods for combatting frost, such as sprinkler irrigation, heaters, fans and others, to be in place or for animals to be relocated to protected environments or for planning methods/ protocols to be implemented by manufacturing enterprises and lay public. Various models have been used to determine the diurnal variation in temperature (air and soil) given measured daily maximum (T x ) and minimum (T n ) temperatures, day of year, time of day and site information (Groen 1947) . For example, Johnson and Fitzpatrick (1977) proposed, for cloudless days and the absence of frontal weather systems, a method for estimating the diurnal temperatures during daylight hours based on measurements of T x and T n . Based on T x and T n , day of year/time of day, site information and three empirical constants, Parton and Logan (1981) used a sine-exponential model for estimating the diurnal variation in air and soil temperatures-sinusoidal from sunrise to sunset and exponential from sunset to the next sunrise. This model is physically plausible with the daytime sinusoidal component reproducing the temporal influence of solar irradiance and the exponential component reproducing Newton's law of cooling for a heated surface after sunset and before sunrise the following day. Wann et al. (1985) compared a number of models and concluded that the sine-exponential model gave the best accuracy for estimating hourly temperatures using daily maxima and minima as data inputs. Snyder and de Melo-Abreu (2005) described the use of a square root model similar to that of Pelosi (1986) applied to hourly measurements-the Reuter algorithm-to predict the minimum air temperature using measurements from 2 h after sunset to sunrise the next morning.
Application of nighttime exponential and square root models, inverted in near real-time, were investigated so as to allow timely and accurate nowcasts of the minimum air temperature based on sub-hourly air temperature measurements and, therefore, the rate of temperature decrease, several hours before sunrise. The models were also applied to grass temperature and grass-surface temperature, the latter measured using an infrared thermometer at a weather station. The relative accuracy of the four models tested was investigated using historic temperature data (sub-hourly) at differing frequencies from selected sites at different altitudes. Furthermore, the implementation of a web-based system for display of the nowcasted temperatures in near real-time for one site is described.
In contrast to canopy climate models, such as SimSphere (Aberystwyth University 2014) for example, the method used depends on a strongly reduced set of input data. The data, composed exclusively of near real-time temperature measurements, makes the computation relocatable to the local scope (Russo and Coluccelli 2006) .
Theory
During stable nighttime conditions, in the absence of a frontal weather system and with cool, calm, cloud-and mist-free conditions, air temperature decreases continually reaching a minimum at around sunrise. For such conditions, Parton and Logan (1981) used a three-parameter model assuming that the air temperature T(t) (°C) at any time t (h) during the daytime can be determined from measurements of the daily maximum T x (°C) and minimum T n (°C) temperatures with nighttime temperatures determined using:
for time t before midnight where T ss (°C) is the air temperature at sunset, denoted time t ss (h), b=2.2 is an empirically determined constant for air temperature measured about 1.5 m above ground, D (h) the day length for the site for the current day and 24−D the night length. For times t after midnight, the period since sunset, t−t ss , is replaced by t+24−t ss . In Eq.
(1), for the case of air temperature, the time lag between the minimum air temperature and that at sunrise has been ignored. Parton and Logan (1981) found this lag to be −0.17 h for air temperatures at a height of 1.5 m and −0.18 h at 0.1 m-that is, the minimum air temperatures occurred about 10 min before sunrise. Their sensitivity analysis showed that changes to this lag time resulted in only small increases in the air temperature estimation error. They further assumed that the daytime variation in air temperature is described by a truncated sine function:
where t sr is the sunrise time, and the time offset a (h), which has an approximate value of 1.86 h, is an empirically determined constant. The sunset temperature T ss in Eq. (1) is estimated from T n , T x , D and a using Eq. (2):
For the square root model for nighttime air temperatures 2 h after sunset:
for t before midnight where T(t ss+2 ) is the measured air temperature at t ss+2 , 2 h after sunset, c (°C h -0.5 ) is an empirically determined constant and t−t ss+2 is the duration between t and 2 h after sunset. In Eqs. (1) and (4), for times after midnight, t −t ss+2 is replaced by t+24−t ss+2 . By rearrangement of Eq. (4), the constant c for the period between t ss+2 and t sr may be determined from the (predicted) nowcasted air temperature minimum (T pn ) and the measured air temperature T(t ss+2 ):
where, for times t ss+2 before midnight, t sr +24−t ss+2 is the period 2 h after sunset and before sunrise. The method is restricted to the period between 2 h after sunset t ss+ 2 and sunrise t sr since the net irradiance is relatively constant between these two times (Snyder and de Melo-Abreu 2005) . Four nowcasting models were tested for estimating the minimum air/grass/grass-surface temperature, 2 and 4 h before sunrise, based on sub-hourly temperature measurements between 4 and 2 h before sunrise for the 2-h nowcast and between 6 and 4 h before sunrise for the 4-h nowcast:
Model 1: by inverting the exponential decay function (Eq. (1)) to solve for T n Model 2: by application of model 1 using b=2.2 Model 3: by application of the square root function based on temperature measurements 4 h before sunrise (Eq. 4) Model 4: by application of model 3 based on temperature measurements 2 h before sunrise.
These methods, applied in real-time either in a datalogger or in near real-time using a web-based system, may allow timely nowcasting of the minimum temperature based on sub-hourly temperature measurements. For this purpose, the nighttime exponential equation (Eq. (1)) was inverted and solved for T n so as to nowcast the minimum temperature T pn :
given, as an input, the measurement of temperature at time t, T(t), after midnight where:
For sub-hourly diurnal temperature data, which include the minimum air temperature, regressing ln [T(t)−T n ] as a function of (t−t ss )/(24−D) was assumed to yield a straight line with a slope of −b. For nowcasting, the empirical constant b may be determined, during several calm and cloud-free nights, several days preceding the calculation of T pn . Clouds and/or mist or rainfall and/or increased wind speed a few hours before sunrise could reverse or hinder the nighttime rate of air temperature decrease. A reversal of the expected temperature decrease for some of the time during the night could result in b<0 and possibly an unreliable nowcast. Conversely, for the assumed b value, more rapid than expected temperature decreases could result in T pn greater than T n . Changes in atmospheric conditions from one night to another could also result in different b values and therefore reduce the accuracy of the method.
In this study, the inversion of the exponential and the square root models, applied to the expected nighttime decrease in temperature (Eqs. (1) and (4)), is investigated. It is proposed that the methods be used to routinely nowcast the minimum temperature, given real-time measurement inputs of air/grass/grass-surface temperature 6 to 4 h (4-h nowcast) and 4 to 2 h (2-h nowcast) prior to the occurrence of the minimum temperature.
Generalising the nighttime exponential model (Eqs. (1) and (6)) to two measured temperatures T(t 1 ) and T(t 2 ) instead of T(t) and T ss , where T(t 2 ) is a measured temperature at a later time t 2 than temperature T(t 1 ), with the two times several hours apart:
if times t 1 and t 2 are both before midnight or both after midnight. If t 1 is before midnight and t 2 after midnight, then
The following four models are proposed for determining T pn , 2 or 4 h before sunrise, from pre-dawn sub-hourly temperature measurements.
Model 1: inversion of exponential model using regression-determined b This proposed method yields two model nowcasts using sub-hourly temperature measurement inputs between 6 and 4 h before sunrise for the first (4-h) nowcast and measurements 4 to 2 h before sunrise for the second (2-h) to determine the assumed exponential decrease in air temperature and hence to determine the exponential decay factor b. This factor together with the measured temperature inputs hours before sunrise are then used to obtain T pn 4 and 2 h before sunrise. Modelled on the previous theory for a nighttime period (Eq. (8)) usually after midnight, for the 2-h-ahead nowcast, the sub-hourly temperature inputs T(t sr − 4 ) and T(t sr − 2 ) are used. At and between these times t, for which t sr − 4 ≤ t ≤ t sr − 2 , the decay factor (b=b sr − 4to−2 ) was determined from the slope of the plot of ln [T(t)−min (T sr−4to−2 )+ 0.01] vs t−t sr−4 t sr−2 −t sr−4 where min(T sr−4to−2 ) represents the minimum of the temperatures between the two times and t sr−2 −t sr−4 = 2 h. The constant of 0.01°C ensures that the argument of the logarithm is always positive and hence defined when T(t)=min(T sr−4to−2 ). Using this model, unlike the Parton and Logan (1981) method, a different b=b sr−4to−2 value from b=2.2 is determined for each early-morning period. Similar procedures were used for the 4-h ahead nowcasts using temperatures between times t sr−6 and t sr−4 and the decay factor b=b sr− 6to−4 from the slope of the plot of ln [T(t)−min (T sr−6to−4 )+0.01] vs t−t sr−6 t sr−4 −t sr−6 . By inversion of Eq. 1 (Eqs. (8) or (9)), and application to the period 4 to 2 h before sunrise for a nowcast 2 h before sunrise, T pn was determined assuming a continued and exponential decay after t sr−2 , at the same exponential rate:
which for this 2-h nowcast simplifies to:
For a nowcast 4 h before sunrise:
The equations and methods used for historic data or for an on-board datalogger 2-h before sunrise nowcast are shown in Table 1 and similarly using Eq. (12) applied for the minimum between 6 and 4 h before sunrise for the 4-h before sunrise nowcast. For the 2-h nowcast for times when the calculated b value was out of its expected range, typically |b|<1, then Eq. (11) was applied using b sr−4to−2 =2.2 and T(t sr−2 ) replaced by the minimum temperature between 4 and 2 h before sunrise. A similar procedure was followed for the 4-h nowcast using Eq. (12) and b sr−6to−4 =2.2.
Model 2 application of exponential model with b=2.2
This proposed model, instead of the value for b (=b sr−4to−2 for the 2-h nowcast and b=b sr − 6to− 4 for the 4-h nowcast) determined by regression (Table 1) , uses a fixed value of 2.2 (Parton and Logan 1981) in Eqs. (11) and (12), respectively. In the case of real-time analyses, this model is simple since no on-board datalogger real-time regression analysis is required. Model 2 is also used as part of model 1 when |b|<1.
Model 3: application of square root model using T sr−4
For this model, T pn is determined for times 4 and 2 h before sunrise based on the square root model (Eq. 4) using the relationship:
Therefore, using temperature measurements between 4 and 2 h before sunrise, a plot of T(t)−T(t sr−4 ) vs ffiffiffiffiffiffiffiffiffiffiffiffi t−t sr−4 p yields a slope of −c sr−4to−2 from which T pn is determined using:
which simplifies to
where it is assumed that the same c sr−4to−2 can also be used for times 2 h before sunrise and sunrise. A modified version of Eq. (15) was used for the 4-h before sunrise nowcasts based on c sr−6to−4 and temperature measurements between times 6 and 4 h before sunrise.
Model 4: application of modified square root model,
This model is the same as model 3 for determining T pn for times t between 4 and 2 h before sunrise but with T(t sr−2 ) replacing T(t sr−4 ):
This simplifies to
where it is assumed that the same c sr−4to−2 can be used for times between 2 h before sunrise and sunrise. As was the case for model 3 (square root), a modified version of Eq. (17) was used for the 4-h before sunrise nowcasts. The various equations and datalogger protocols used in the datalogger for the web-based early-warning system used are outlined in Table 1 . These protocols were also used for the spreadsheet calculations for the historic air temperature data for all sites.
All model nowcasts, a few hours before sunrise, are compromised by events such as transient clouds, increased wind speed, changes in atmospheric stability and precipitation with consequential likely disagreement between model nowcasts and measurements. Usually, in the case of frost, however, these events tend to reduce the chance of freezing conditions.
Materials and methods
This work involves an agrometeorological application of a web-based data and information system (Savage 2014; Savage et al. 2014 ) and the nowcasting of daily minima temperatures, for frost prediction for example, using various models for a short-grass surface with the results displayed and updated automatically in near real time. Methods were applied to near real-time temperature measurements from Calculations performed 2 h before sunrise based on temperature measurements 4 to 2 h before sunrise Pietermaritzburg (South Africa) and to historic data from three other subtropical sites and data from one site in central sub-Saharan Africa ( A 25-mm length of chromel-constantan thermocouple wire was freely exposed 25-50 mm above the soil surface so as to be in contact with blades of grass. Grass-canopy surface temperature was measured using an 8-14-μm germanium lens infrared thermometer (IRT) positioned at 45°to the horizontal, facing south and at a height of 2.5 m, sensing a grass target diameter of 1.9 m. The thermocouple for grass temperature was calibrated, in a water bath, against a reference PT1000 resistance thermometer (data not shown) and the IRT calibrated using a large radiator (Savage and Heilman 2009) . No corrections for the thermocouple temperatures were applied. Corrections were applied for surface temperatures based on the IRT voltage output and the sensor body temperature. For these grasssurface temperatures at a weather station, the grass fully covered the soil. All temperature measurements were performed differentially every 15 s and averaged every 2 min. This allowed a sufficiently large sample number (60) of data pairs for the linear regression statistics for the 2-and 4-h before sunrise nowcasts ( Table 1) . The calculations for daylength and sunrise time, required for all four models, were included in the datalogger program using VBA functions provided by the National Oceanic and Atmospheric Administration: http://www.srrb.noaa.gov/ highlights/sunrise/calcdetails.html
The applicability of both the nighttime exponential and square root models was investigated, the former model inverted so as to nowcast the minimum temperature from inputs of sub-hourly temperature measurements several hours before sunrise. Model 1: application of exponential model; model 2: inversion of exponential model to sunrise; model 3: application of square root model. a and/or b denotes significant difference from a slope of 1 at 99 and 95 % levels respectively; c and/or d denotes significant difference from an intercept of 0°C at 99 and 95 % levels respectively † n is the number of data pairs. Days for the T n , T pn regression comparisons † † b (exponential model) or c (square root model) refers to an average value. Alternatively, a fixed value of b=2.2 was used † † † f is the percentage of values replaced using the conditional statements of Table 1 Use of hourly temperature data, for which only two temperatures would be available 2 h before sunrise, would not allow the necessary slope calculations using the exponential and square root models and would result in a two-point model. Hence, more frequent data collection was used. For the nowcasts for the Pietermaritzburg site, once the temperatures for the period 4 to 2 h before sunrise had been stored, they were recalled from datalogger memory, reformulated as necessary for the exponential and square root models for linearisation of the model relationships and then a covariance instruction, part of the datalogger instruction set, applied to obtain the slope values for the 2-h nowcasts (b sr−4to−2 and c sr−4to−2 for the respective models) from covariance and population variance instructions (Table 1 ). These instructions allowed T pn to be determined 2 and 4 h before sunrise.
All historic datasets used contained sub-hourly air temperatures ( Table 2 ). The four models (Table 1) were applied using 15-min air temperature measurements for 2004 for 0.6-and 2-m heights for Marianna, Jackson County, FL, USA (Table 2) . For this dataset (ftp://if-fwn-prdw01.osg.ufl.edu/fawnpub/ data/15_minute_obs/), model nowcasts were made 2 h before sunrise using air temperature measurements 4 to 2 h before sunrise as well as nowcasts 4 h before sunrise using measurements 6 to 4 h before sunrise. For Cedara and Cathedral Peak, Catchment VI (South Africa), 15-and 20-min air temperature data were used, respectively. In the case of Cathedral Peak, air temperature measurements at 0.5-and 1.5-m heights were used (Table 2 ). All datasets were from sites in the subtropics except for data from Kinsevere in central sub-Saharan Africa (Katanga province of the Democratic Republic of the Congo at almost 11°S) ( Table 2 ).
In the case of model 1, in an attempt to trap events for which the nighttime temperature increases due to clouds or other meteorological influences, conditions were imposed based on a calculated slope value b or that the temperature at t sr−2 exceeds that at t sr−4 . For this model, nowcasts with a |b| value <1 resulted in large deviations between T pn and T n . For |b|<1, T pn for the 2-h nowcast was estimated using Eq. (11) using b=2.2 and T(t sr−2 )=min(T sr−4to−2 ). The latter ensured that the lowest measured temperature for this time period was used in the computation. If temperatures were increasing during the night with the result that T(t sr−2 )>T(t sr−4 ) or the computed b was negative, T pn was assigned the minimum temperature between the two times, or else Eq. (11) was applied using the computed b sr−4to−2 . The conditions for trapping data for which there were nighttime increases in temperature for model 2 for which b=2.2 and for the 4-h nowcasts (Eq. (12)) were similar to those for model 1 (Table 1, column 3) .
In the case of Pietermaritzburg, for nowcasting the minimum temperatures (air, grass and grass-surface), email alerts were used and near real-time data displayed, T pn in particular, on the Internet using an open web-based data and information system described by Savage (2014) and Savage et al. (2014) .
Comparisons between the four model determinations of the nowcasted daily minimum air temperature T pn for the five sites were compared against the actual daily air temperature minimum T n using statistical analyses and regression scatter plots. Confidence intervals (99 and 95 %) for slopes and intercepts were determined to test for significant differences from 1 to 0°C respectively.
Results and discussion
Pietermaritzburg 2-min measurements of air, grass and grass-surface temperature Judging by the increased root mean square error (RMSE), the T pn (nowcasted) vs T n (measured) 2-m air temperature comparisons for the nowcasts 2 h before sunrise were less variable than for the grass and grass-surface (IRT) temperatures (Table 3, (Table 3, see Pietermaritzburg, 2011) . For the 2-and 4-h nowcasts before sunrise, the differences between the air, grass and grass-surface temperature regression slopes and intercepts from 1 to 0°C respectively for models 1 and 2 were small (Tables 3 (see Pietermaritz- burg, 2011) and 4 (see Pietermaritzburg, 2011) ). Model 3 and 4 ) and increased RMSE and MBE. Furthermore, models 3 and 4 comparisons against T n measurements were usually characterised by a larger (positive) intercept compared to those for models 1 and 2 (Table 3, see Pietermaritzburg, 2011; Figs. 1a and 2) .
For model 1 (exponential) for the 2-h nowcasts, the average b value for air temperature (b=2.131) was <2.2 and even less for the grass (1.470) and grass-surface (1.600) temperatures (Table 3) . Only positive b values were included in the averaging. A decreased b value implies a reduced rate of reduction in the nighttime temperatures. For the 159-day period, about 25 % of all nights contained negative b values or nights for which T(t sr−2 )>T(t sr−4 ) ( Table 3 , last column).
In general, models 1 and 2 (exponential) and 4 (square root) performed well in determining T pn for the 2-h nowcast with model 1 usually the best. For the 4-h air, grass, grasssurface nowcasts, R 2 decreased, particularly for the grass and grass-surface temperatures, and RMSE increased by between about 15 and 100 % for the different models (Table 3 (Pietermaritzburg, 2011) cf. 4 (Pietermaritzburg, 2011)). As was the case for the 2-h nowcasts, use of model 3 (square root) yielded less accurate 4-h nowcasts with increased R 2 and increased RMSEs. The model 1 and 2 (exponential) equations, using regressiondetermined b and b=2.2, respectively, were added to the datalogger programme for calculating the nowcasted 2-and 4-h ahead air, grass and grass-surface temperatures. The results are displayed using the system described by Savage et al. (2014) .
Conclusions
Exponential and square root models for nowcasting the daily minimum air temperature for air, grass and grass-surface temperature 2 and 4 h before sunrise were successfully applied using sub-hourly temperature measurements from four subtropical sites with very different altitudes and from one central sub-Saharan site. Using the historical data, for both the 2-and 4-h nowcasts, model 1 (exponential) usually yielded the lowest RMSE. The modelled (T pn ) vs measured (T n ) comparisons for grass-surface and grass temperatures were more variable than those for air temperature with a significant increase in RMSE. For the nowcasts, in general, model 1 (exponential), for which the rate of reduction in nighttime temperatures was determined by covariance and variance instructions either in the datalogger (near real-time nowcasts) or in a spreadsheet using historic data, yielded the best statistical comparisons. For the sub-Saharan site, all models performed well for the 2-h nowcast. There was however large bias for the 4-h nowcasts. The display of near real-time data provided a convenient method for the display of the nowcasted minimum air, grass and grass-surface temperatures in a web-based system. The measurement and nowcasting system, as described, has potential economic benefit if implemented operationally. 
